the cloud condensation nuclei (CCN) number concentration, N CCN , was measured at the high alpine site Jungfraujoch, which is located in the free troposphere most of the time. Measurements at 10 different supersaturations (0.12%-1.18%) were made using a CCN counter (CCNC). The monthly median N CCN values show a distinct seasonal variability with ∼5-12 times higher values in summer than in winter. The major part of this variation can be explained by the seasonal amplitude of total aerosol number concentration (∼4.5 times higher values in summer), but it is further amplified (factor of ∼1.1-2.6) by a shift of the particle number size distribution toward slightly larger sizes in summer. In contrast to the extensive properties, the monthly median of the critical dry diameter, above which the aerosols activate as CCN, does not show a seasonal cycle (relative standard deviations of the monthly median critical dry diameters at the different supersaturations are 4-9%) or substantial variability (relative standard deviations of individual data points at the different supersaturations are less than 18-37%). The mean CCN-derived hygroscopicity of the aerosol corresponds to a value of the hygroscopicity parameter of 0.20 (assuming a surface tension of pure water) with moderate supersaturation dependence. N CCN can be reliably predicted throughout the measurement period with knowledge of the above-mentioned averaged value and highly time-resolved (∼5 min) particle number size distribution data. The predicted N CCN was within 0.74 to 1.29 times the measured value during 80% of the time (94,499 data points in total at 10 different supersaturations).
Introduction
[2] Atmospheric clouds scatter and absorb short-and longwave radiation; therefore they influence our climate. If their microphysical properties (e.g., droplet size, droplet density, cloud lifetime) change, their radiative properties will also change, thereby altering the magnitude of their climate impact [Lohmann and Feichter, 2005] . Since cloud droplets are formed by condensation of water on aerosol particles, those particles that are able to form a cloud droplet (commonly referred to as cloud condensation nuclei, CCN) play a key role in determining our climate [Intergovernmental Panel on Climate Change (IPCC), 2007] and precipitation . Our knowledge of aerosol-cloud interactions is incomplete and has the highest uncertainty among the anthropogenic radiative forcings [IPCC, 2007] , and therefore understanding the factors influencing properties and abundance of atmospheric CCN is crucial. Part of this uncertainty can be attributed to the high temporal and spatial variability of the aerosol properties. This makes CCN measurements in various environments and during all seasons of the year essential.
[3] The CCN activation process of aerosol particles was studied many times on laboratory generated single component aerosols and mixtures [e.g., Gerber et al., 1997; Cruz and Pandis, 1997; Raymond and Pandis, 2003; Abbatt et al., 2005] . Numerous studies exist also on ambient aerosols [e.g., Broekhuizen et al., 2006; Dusek et al., 2006; Chang et al., 2007; Bougiatioti et al., 2009; Lance et al., 2009; Gunthe et al., 2009; Kammermann et al., 2010a; Rose et al., 2010] but these studies cover measurement periods of ∼1 month and therefore are not able to elucidate the longterm seasonal variation of the CCN number concentration or properties. Long-term measurements [Sihto et al., 2010] are rare, and comprehensive CCN climatology studies are still missing [Medina et al., 2007] .
[4] In this paper we present a long-term (17 months) study on the CCN number concentration at the high alpine site, Jungfraujoch (JFJ). The Jungfraujoch station is situated 1 in the Swiss Bernese Alps (46°33′N, 7°59′E) at 3580 m elevation on an anticline between the two mountains Jungfrau (4166 m asl) and Mönch (4107 m asl). The station's unique geographical situation offers the opportunity to measure continental background aerosols. Most of the time it stays in the free troposphere (FT) but sometimes it is also influenced by injections from the planetary boundary layer (PBL) ]. In summer, on average 20-40% of the air mass originates from the PBL whereas the same for winter is 5-10% [Collaud Coen et al., 2011] .
[5] Aerosol measurements at the JFJ have started more than 20 years ago [Baltensperger et al., 1997] , and this site has been part of the Global Atmosphere Watch (GAW) program of the World Meteorological Organization since 1995 [Collaud Coen et al., 2007] . The following aerosol parameters are continuously monitored within the framework of GAW and EU programs (state in 2009): number concentration, number size distribution, scattering coefficient, absorption coefficient, PM1 (particulate matter with an aerodynamic particle diameter D < 1 mm) mass concentration, ionic composition in two size classes (PM1 and TSP, measured every 6th day for 24 h) and the CCN number concentration at 10 different supersaturations. The high altitude of the measurement site makes it possible to monitor the CCN number concentration in situ where cloud formation takes place [37% of the time the measurement site stays in clouds as shown by Baltensperger et al. [1998] .
Experimental Setup
[6] All the instruments operated during the measurement period were connected to a heated total aerosol inlet, which allows all the aerosol particles and hydrometeors with D < ∼40 mm to enter. The inlet is heated to 25°C in order to evaporate any water, thereby releasing those particles that were activated as hydrometeors [Weingartner et al., 1999; Henning et al., 2002] . Thus the sampled aerosol consists of all particles, i.e., interstitial particles as well as residuals of cloud droplets and ice crystals. The instruments were operated at a laboratory temperature of ∼25°C. Heating the particles from ambient temperatures to 25°C might also cause evaporation of other semivolatile aerosol components. Nessler et al. [2003] showed by measuring the number size distribution simultaneously at ambient and room temperature at JFJ that evaporation effects occur for a fraction of the particles with D < ∼100 nm, while differences at D > ∼100 nm could largely be explained by evaporation of water.
[7] A Continuous-Flow Streamwise Thermal-Gradient CCN Chamber (CCNC, Droplet Measurement Technologies, model CCN-100;) [Roberts and Nenes, 2005] was directly connected to the total inlet (total flow rate of 1 L min −1 , 10:1 sheath-to-sample flow ratio) in order to measure the total polydisperse CCN number concentration (N CCN ) as a function of time and at different supersaturations (SS). The SS in the CCNC is determined by the applied temperature gradient in the activation column's wetted wall. Every measurement cycle consisted of applying 10 different temperature gradients in the CCNC (DT = 2-15°C, SS = 0.12-1.18%) and lasted ∼60 minutes, including the time which was needed to allow for stabilization of the SS. The CCN active particles (i.e., those having a lower critical SS than the SS applied in the CCNC) will grow into the supermicron size range while they pass the activation column and will afterward be counted as CCN by an optical particle sizer. Nonactivated particles remain well below the lower threshold diameter (typically set to 1 mm) and are not counted as CCN.
[8] The calibration of the CCNC was verified once every month on average by using nebulized, dried, and size selected ammonium sulfate particles, following the procedures described by Rose et al. [2008] . At a certain temperature gradient the critical dry diameter, D 0,crit , where 50% of the singly charged ammonium sulfate particles were activated, was determined by fitting the sum of two sigmoid functions to the activation curve. The critical SS corresponding to the measured D 0,crit was obtained from the ADDEM model [Topping et al., 2005] . During calibrations, 10 different temperature gradients were set in the CCNC such that the resulting SS values covered the range from 0.07 to 1.1% SS, similar to the SS range of the measurement. During the 17 month measurement campaign the calibration curve (SS = −0.139% + 0.097
The SS values obtained at any temperature gradient and during all calibration measurements deviated maximally ±8% from the SS values calculated according to the above calibration curve. Therefore we attribute an uncertainty of ±8% to the reported SS values.
[9] The aerosol number size distribution was monitored for diameters between 16 and 570 nm with a scanning mobility particle sizer (SMPS). It consisted of a differential mobility analyzer (DMA, TSI 3071) and a condensation particle counter (CPC, TSI CPC 3775; during a brief period a TSI CPC 3772). The size distribution was measured every 6 min, with an up scan time of 300 s. The DMA was operated with 0.3 L min −1 sample air flow rate and a closed-loop excess and sheath air setup with a flow rate of 3 L min −1
(1 L min −1 sample flow rate and 5 L min −1 excess sheath air flow rate during the brief period when the CPC model 3772 was used). The sheath flow rate was continuously regulated by a mass flow controller, whereas pressure and temperature measurements were used to calculate the mass flow set point such that the volumetric flow remained constant. All flow rates were verified monthly with a bubble flowmeter. Sizing accuracy was checked with certified polystyrene latex (PSL) spheres of different diameters. The measured size agreed within ±3% with the nominal size of the PSL spheres.
[10] During the measurement period the total number concentration of particles with diameter >10 nm (N 10 ) was monitored by a CPC (TSI CPC 3010 until 25 June 2008, TSI CPC 3772 from then onward). The CPC data was used to validate and correct the SMPS data by comparing N 10 with the total particle number concentration (N 16-570 ) obtained by integrating the number size distribution, following the approach of Jurányi et al. [2010] . According to this comparison the SMPS data were corrected by a sizeindependent, time-dependent factor between 0.7 and 1.3 (see Appendix A for more details).
[11] Between May 2008 and May 2009 a custombuilt hygroscopicity tandem differential mobility analyzer (HTDMA) was deployed to determine the hygroscopic properties of the particles at subsaturated relative humidity (RH). Hygroscopic diameter growth factors (GF) at a constant RH of 90% were measured for six different dry dia-meters (D 0 = 35 nm, 50 nm, 75 nm, 110 nm, 165 nm, 265 nm) . Technical details of the HTDMA and main results of these measurements are reported by Kammermann et al. [2010a] .
3. Theory and Data Analysis 3.1. Calculation of the Hygroscopicity Parameter k
[12] The equilibrium vapor pressure over a curved surface of a solution is described by the Köhler equation [Köhler, 1936; McFiggans et al., 2006] . Aerosol hygroscopic properties below and above water vapor saturation, i.e., diameter growth factors and critical diameters for CCN activation, respectively, can be linked using the Köhler equation and an appropriate parametrization of the water activity. We used the single-parameter water activity parametrization from Petters and Kreidenweis [2007] . The semiempirical parameter takes values between 0 (nonhygroscopic but wettable) and ∼1.3 (most hygroscopic salts) for atmospheric aerosols.
[13] HTDMA derived values can be directly obtained by inserting the measured GFs into the Köhler equation [Petters and Kreidenweis, 2007] . Determining CCNC derived values needs an iterative approach: D 0,crit , derived from N CCN and number size distribution data, is first set into the Köhler equation, and then has to be varied until the corresponding critical SS equals the SS value at which N CCN was measured. The surface tension of the solution droplet is also a key parameter in the Köhler equation. We used the surface tension of pure water in all our calculations. This is a common assumption since we deal with dilute solutions at the point of activation, and the CCN closure study conducted at the JFJ by Jurányi et al. [2010] indicated that the surface tension of water can indeed be used for calculations at the point of activation.
Calculation of the Critical Diameter for CCN Activation
[14] The critical diameter for CCN activation is well defined in the case of a perfectly internally mixed aerosol; that is, all particles with diameter >D 0,crit will act as CCN at a given SS, while all particles with diameter <D 0,crit will remain in the interstitial phase. Atmospheric aerosols are typically not perfectly internally mixed and with that the transition between 0% and 100% activated fraction occurs over a range of diameters. Such a D 0,crit distribution can only be derived from size-resolved CCN measurements [Su et al., 2010] . In this study we have only particle number size distribution and polydisperse CCN number concentration measurements available. Nevertheless, an effective D 0,crit can be obtained for each supersaturation set in the CCNC (SS set ) with assuming a sharp activation cutoff leading to the following well-established implicit equation:
[15] The number size distribution is integrated starting from its upper end. The diameter at which the integrated number concentration equals the measured N CCN (SS set ) corresponds then to D 0,crit (SS set ). Assuming a sharp activation cutoff is a valid and useful approach when it comes to calculating N CCN from particle number size distribution data for several reasons: First, treating an externally mixed aerosol as internally mixed hardly changes the calculated N CCN for not freshly emitted aerosols [e.g., Rose et al., 2010; Kammermann et al., 2010b; Wang et al., 2010] . Second, the aged aerosol encountered at the remote JFJ site is anyway largely internally mixed most of the time [Sjogren et al., 2008; Kammermann et al., 2010a] . Third, using the effective D 0,crit obtained from equation (1) together with size distribution data at the time when D 0,crit was determined for calculating N CCN provides by definition the correct value. Uncertainties in calculated N CCN arising from applying D 0, crit to size distribution data measured at other times are dominated by the temporal variability of D 0,crit rather than mixing state effects.
Alpine Weather Statistic
[16] We used the Alpine Weather Statistic (AWS) [Schüepp, 1979] synoptic weather classification system in order to investigate the PBL influence on N CCN . This classification is based on the daily analysis of the pressure distribution at the surface and at the 500 hPa level. The classification considers a circular area centered ∼80 km east of JFJ with a radius of 222 km, covering the Swiss Alps and parts of Austria, Italy and France. The 40 subcategories were clustered into 5 main synoptic weather classes, following the examples of Kammermann et al. [2010a] and Collaud Coen et al. [2011] . For the advective class (Ax), horizontal motion of the atmosphere is dominant. This results in horizontal wind over a flatter rain. However, the geography of the Alps might transform part of this horizontal motion into vertical motion. The second main class is the convective class, where the vertical motion of the atmosphere is dominant. The convective class is divided into 3 subclasses according to the direction of the vertical motion: convective cyclonic (CC), convective anticyclonic (CA) and convective indifferent (CI). The CC weather type is associated with lifting synoptic motion, CA with subsidence and CI with small-scale circulations. The ascent of air for the CC type results in adiabatic cooling and cloud formation with subsequent precipitation, whereas the large-scale subsidence for CA type results in clear and sunny weather, where injections of PBL air into the FT frequently occur. If both horizontal and vertical motion is present we talk about a mixed synoptic weather type (M).
Results and Discussion
[17] The 17 month measurement period took place between May 2008 and September 2009. During this period the CCN number concentration at 10 different SS (0.12-1.18%) was measured with a time resolution of ∼1h. The fractional data coverage of the CCN measurement during the 17 month period varied between 47% and 100% on a monthly basis with an average value of 83% (Table 1, F meas column). Gaps in the data set are caused by calibration measurements and instrumental problems. Different aspects of the CCN properties observed during this period are discussed in the following.
Diurnal Variation of CCN Properties
[18] During colder periods the JFJ stays in the free troposphere whereas during warmer periods JFJ is influenced by injections from the PBL. Air parcels below the site are heated up during the day and reach the altitude of the measurement site by thermal convection [Nyeki et al., 2000] . On those days when injections from the PBL reach the JFJ, a diurnal cycle is present in all measured extensive aerosol properties [Lugauer et al., 1998; Collaud Coen et al., 2007; Kammermann et al., 2010a; Collaud Coen et al., 2011] such as, e.g., number concentration, mass concentration, light scattering coefficient or light absorption coefficient. In winter, days with a diurnal cycle are rarely present, as the thermal convection is not strong enough to transport air masses from the PBL up to the JFJ. Here we investigate the diurnal patterns of CCN properties in order to determine the effect of PBL influence.
[19] The diurnal pattern of N CCN was determined for each season separately due to the pronounced seasonality of the PBL influence (note that because of the total duration of 17 months, some months are twice and some only once represented in the averages). Figures 1a-1d show the mean diurnal patterns of N CCN for all four seasons and all investigated SS.
[20] A pronounced diurnal pattern of N CCN is observed in spring, summer and autumn. The maximum N CCN is reached at ∼1500-1900 (local winter time, UTC + 1) and the minimum at ∼0300-0900 UTC + 1. The latter agrees well with the time when Nyeki et al. [1998] observed minimum concentrations of other extensive aerosol parameters and can therefore be defined as the time of day when the measurement site generally stays in the free troposphere. Therefore filtering all data according to this time window can be used to investigate the CCN properties in the free troposphere even though we do not cover all periods when the site is in the FT. In the following, FT conditions refer to the subset of data measured between 0300 and 0900 UTC + 1. In spring, summer and autumn the factor between maximum and minimum N CCN of the mean diurnal pattern is roughly 1.5 and relatively constant across all SS. In winter the diurnal pattern almost disappears with an amplitude of only a factor of 1.2 and much shorter time of enhanced N CCN . This confirms that in winter the site is almost always in the undisturbed free troposphere during the whole day.
[21] For the summer season the mean diurnal pattern of D 0,crit , determined from N CCN and number size distribution data according to equation (1), is shown in Figure 2 , in order to investigate potential differences between the hygroscopicity of the free tropospheric and the PBL influenced aerosol. A weak diurnal pattern can be identified, with slightly increased D 0,crit values during the afternoon when the PBL influence is present, indicating that these particles are slightly less hygroscopic than the background FT aerosol. The maximum and minimum D 0,crit observed in summer at 0200-0700 UTC + 1 and 1000-1900 UTC + 1, respectively, translate into median values (including data from all SS) of ∼0.24 and ∼0.17. A similar diurnal pattern of D 0,crit can be identified in autumn, while in spring no significant increase of D 0,crit during the afternoon can be seen (not shown). Kammermann et al. [2010a] also reported a similar diurnal pattern with slightly decreasing particle hygroscopicity during PBL influence based on HTDMA measurements of hygroscopic diameter growth factors measured at 90% RH. The increase of D 0,crit under PBL influence dampens the diurnal pattern of N CCN slightly but the fact that the latter is still clearly observed shows that the distinct increase in the particle number concentration has the dominant influence.
[22] The influence of the PBL on the diurnal pattern of N CCN was further investigated by splitting the summer datawhen PBL influence is most prominent-according to the synoptic weather types from the AWS (see section 3.3). Data for the M and CC classes have to be treated with caution as less than 10 days are included in the average. The diurnal patterns for the different synoptic weather classes are shown in Figure 3 for four example SS. As expected, the observed diurnal patterns agree qualitatively across all SS. The CA class exhibits the most pronounced diurnal cycle, if we exclude the M class. This is in agreement with the findings of Collaud Coen et al. [2011] , who reported the strongest PBL influence at the JFJ for the CA class with, about 40% of the air mass originating from the PBL under these extreme conditions. For this class the amplitude of the mean diurnal cycle of N CCN is roughly a factor of 2 across all SS. The daily minimum N CCN values occur between ∼0300 and 0900 UTC+1, and they are largely independent of the synoptic weather type. This confirms that PBL influence in this time window is negligible and that this time window can be used to investigate FT conditions without further filtering. It is not worth speculating about the reasons for the slightly lower minimum values of N CCN during CC days as statistics are very limited.
Seasonality of the CCN Number Concentration and the Activated Fraction
[23] Reutter et al.
[2009] used a cloud parcel model to show that the cloud droplet number concentration becomes proportional to the particle number concentration in the aerosol-limited regime at high ratios of updraft velocity to particle number concentration and practically independent of the updraft velocity. The CCN number concentrations observed at the JFJ are very low even at the highest SS (monthly median values between 113 cm −3 and 563 cm −3 ;
see Table 1 ), such that cloud droplet activation is likely to occur in the aerosol-limited regime most of the time. An anthropogenic increase of particle number concentration can thus be expected to influence cloud properties.
[24] The analysis of diurnal patterns in section 4.1 revealed a strong seasonal cycle of the influence from injections of more polluted PBL air. As a consequence also N CCN shows a strong seasonal cycle with much higher values during the warmer seasons, similar to all other extensive aerosol properties. A detailed analysis of monthly distributions of N CCN (10th, 25th, 50th = median, 75th and 90th percentiles) is presented in Figure 4 for four different example SS as well as in Table 1 for all SS (median values only). Note that the annual median values shown in Table 1 are determined using data from May 2008 to April 2009 only, in order to prevent overrepresentation of the warmer months.
[25] The annual median values of N CCN naturally decrease with decreasing SS and there is a factor of 6 difference between the highest (SS = 1.18%) and the lowest (SS = 0.12%) supersaturation (N CCN = 257 and 43 cm −3 at SS = 1.18% and 0.12%, respectively). However, the seasonal cycle of N CCN is of similar magnitude such that N CCN = 124 cm at SS = 1.18% in winter. The amplitude of the seasonal cycle is a factor of ∼12 at the lowest SS (Figure 4a ) and decreases to a factor of ∼5 at the highest SS (Figure 4d ). At the same time the amplitude is only a factor of ∼4.4 for N 16-570 (F meas column of Table 1 ),while the pattern is qualitatively similar. This means that the seasonal cycle of total particle number concentrations explains the seasonal cycle of N CCN for the most part, but not completely. [26] A separate analysis of the seasonal pattern of N CCN during the time window 0300-0900 UTC + 1, when the site is almost exclusively in the lower FT throughout the whole year is also presented in Figure 4 . N CCN during FT conditions also exhibits a distinct seasonal cycle, with an amplitude of a factor of ∼11.6-4.7 (at SS = 0.12-1.18%), which is only slightly smaller compared to all conditions. This is very likely due to residual layers in the FT that carry history from the PBL. In winter virtually no difference is observed between N CCN during FT and all conditions, as PBL influence is virtually absent (see also Figure 1 ). In summer, when PBL influence is most prominent, N CCN during all conditions are generally somewhat higher compared to FT conditions. However, depending on synoptic weather conditions PBL influence can also be negligible during prolonged periods in summer, as for example in July 2009, when N CCN were found to be virtually equal for FT and all conditions. With the above facts we can state that PBL influence during the warmer season only causes a small enhancement of the seasonal amplitude of N CCN during all conditions compared to FT conditions.
[27] Monthly statistics of the activated fraction (AF), i.e., CCN number concentration divided by the integrated CN number concentration, (AF = N CCN /N 16-570 ), are shown in Figure 5 for four example SS. At the highest investigated SS (1.18%) the dominant fraction of the aerosol is CCN active (AF = 60-92%), in contrast to the lowest SS (0.12%), where the monthly median AF is as low as 6-25%. The AF exhibits a consistent seasonal pattern across all SS with highest values in summer and lowest values in winter. The amplitude of the difference between summer and winter decreases from a factor of ∼4 at SS = 0.12% to a factor of ∼1.5 at SS = 1.18%. The seasonal cycle of AF amplifies the seasonal cycle of N CCN . Its contribution is roughly similar to the contribution from the seasonal cycle of the total particle number concentration at the lowest SS, while it becomes less important with increasing SS. Based on this analysis, we can conclude that changes of both extensive (total particle number concentration) and intensive aerosol properties (activated fraction) contribute significantly to the seasonal cycle of N CCN . For FT conditions only, both the amplitude of the seasonal cycle and the actual absolute values of AF are very similar to those from all conditions (not shown here).
[28] The seasonal cycle of the AF can have two different causes: either the particle hygroscopicity and with that the critical dry diameter for CCN activation varies and/or the shape of the particle number size distribution varies such that the number fraction of particles above the activation cutoff changes systematically with season. The influence from these effects is addressed in section 4.3.
Critical Diameter for CCN Activation
[29] The effective critical dry diameter (D 0,crit ) for CCN activation was calculated according to equation (1) as a function of time and SS from the N CCN and particle number size distribution data as detailed in section 3.2. The quartile diameters of the monthly distributions of D 0,crit along with the annual median values (blue lines) are presented in Figure 6 . Only four example SS (0.12%, 0.47%, 0.83%, 1.18%) are shown for simplicity as the key feature is similar for all investigated SS: D 0,crit is essentially independent of the season. This is in agreement with the observation from Kammermann et al. [2010a] , who found that hygroscopic diameter growth factors at 90% RH are also largely independent of the season at the JFJ. Contrary to this, a signif- icant seasonal pattern of the diameter deciles of the normalized, monthly averaged number size distribution was observed (Figure 6 , gray lines). The median particle diameter varies for example between ∼40 nm in winter and ∼80 nm in summer.
[30] Comparison of D 0,crit with the diameter deciles in Figure 6 allows determining the monthly AF directly: for example, in December 2008 at SS = 0.83% the D 0,crit value lies on the 5th decile line of the number size distribution. This means that on average 50% of the particles are larger than D 0,crit , and therefore AF = 0.5. A quantitative assessment of the relative importance of aerosol hygroscopicity and shape of the number size distribution for the seasonal pattern of N CCN is possible by comparing the seasonal patterns of D 0,crit (aerosol hygroscopicity) with the seasonal patterns of the diameter deciles of the number size distribution. At almost any SS the difference between the highest and lowest monthly median D 0,crit is smaller than the difference between two neighboring diameter deciles of the number size distribution. In contrast, lines of constant diameter cross 2-4 different diameter deciles in the course of a season. This means that the seasonal variation of the aerosol hygroscopicity causes at most a change of 0.1 in the value of the AF, whereas the variations of the size distribution cause changes up to 0.4. In summary we can state that variations of the size distribution's shape dominate the seasonal pattern of AF at the JFJ; that is, variability of size matters much more than variability of hygroscopicity (composition, following Dusek et al. [2006] ).
[31] The D 0,crit values do not show high variability within 1 month either. This is reflected in the small difference between the median and the lower or upper quartiles, which is on average as small as 5-8 nm for all SS (whiskers in Figure 6 ). Consequently the CCN activation behavior at the JFJ and for the free troposphere can be very well described by a single time-independent D 0,crit value for a given SS, which ranges from 147 nm at SS = 0.12%) to 36 nm at SS = 1.18 (see Table 2 for annual median values of D 0,crit for all investigated SS).
[32] The D 0,crit values from the different SS are further converted into the commonly used hygroscopicity parameter (see section 3.1) and are listed in Table 2 . The values can be directly compared in between different SS and with literature data from other CCN or hygroscopic diameter growth factor measurements. Box plots of the distributions at four example SS are shown in Figure 7 for all data as well as for the subset FT conditions. In section 4.1 we have shown that a strong PBL influence causes a slight reduction in the particle hygroscopicity. However, this effect largely disappears in the annual data, which is reflected in the fact that differences between all data and FT conditions are virtually nonexistent. This confirms the result by Kammermann et al. [2010a] that the PBL has a negligible effect on particle hygroscopicity in the annual average.
[33] Figure 7 also reveals an increasing variability of with increasing SS (corresponding to decreasing D 0,crit ). This is not unexpected and in agreement with literature [Swietlicki et al., 2008] , given that smaller particles tend to be more heterogeneous than larger particles as they have typically been formed or emitted more recently and thus may have a different chemical composition. Furthermore, values increase with increasing particle diameter except at the smallest particle diameter (highest SS) as can be seen from the annual median values listed in Table 2 (the monthly distributions at 4 example SS are shown in Figure 8 ). Median values of individual SS range between 0.13 at high SS and 0.29 at low SS, and the overall median CCNderived value is 0.20. This value is within the range of the global mean values for continental regions (0.27 ± 0.21), whereas the mean value for marine regions (0.72 ± 0.24) is much higher Pringle et al., 2010] . Above we have shown that D 0,crit does not have a clear seasonal pattern (Figure 6 ) and therefore does not have one either (Figure 8) . The month-to-month variations of D 0,crit and are by definition anticorrelated.
Closure Between Subsaturated and Supersaturated RH Conditions
[34] This study provides a complete year of parallel measurements of hygroscopic diameter growth factors at RH = 90% (HTDMA), polydisperse CCN number concentrations (CCNC) and particle number size distribution (SMPS). This gives us a unique chance for a long-term Figure 8 we compare monthly median values of HTDMA-and CCNCderived values instead (the calculation of values is described in section 3.1). Comparing values was chosen for our closure analysis because it amplifies the differences.
[35] The dry diameters of the HTDMA data (shown in Figure 8 ) were chosen to match the median critical diameters at the CCNC's SS as closely as possible. The HTDMA-and CCNC-derived hygroscopicity parameters have similar absolute values and show qualitatively the same size dependence of slightly decreasing with decreasing diameter, except for the smallest diameter at which increases again slightly. Nevertheless, a slightly more pronounced dry diameter dependence could be identified for the CCNCderived values. Good et al. [2010] showed that it is not possible to quantify the individual contributions of potential causes (e.g., measurement uncertainty, shortcomings of -Köhler theory, surface tension effects) to these differences between the HTDMA-and CCNC-derived values. However, these differences are unimportant for CCN predictions from HTDMA and number size distribution data, given the fact that using = 0.30 instead of = 0.20 just introduces an ∼11% prediction bias [see section 4.5 below and sensitivity analysis by Jurányi et al. [2010] . This means that HTDMA measurements at subsaturated RH can be used to determine the mean value required for reliable CCN number concentration predictions from time resolved number size distribution data at a remote site like the JFJ, confirming the results by Kammermann et al. [2010a] . In that sense the long-term hygroscopicity-CCN closure can be considered to be successful. However, it should be kept in mind that aerosols at sites that are much closer to source regions may behave differently. Figure 7 . The 10th, 25th, 50th (median), 75th, and 90th percentiles of the distributions for all data and for the subset free tropospheric condition at four different example supersaturations (0.12%, 0.47%, 0.83%, and 1.18%). Figure 8 . The hygroscopicity parameter of the HTDMA (corresponding to the monthly averaged GFs, gray symbols) and of the CCNC (25th, 50th, and 75th percentile of the monthly distributions, black symbols). Different symbols represent the different dry diameters (HTDMA) or the different SS (CCNC).
Calculating CCN Number Concentration From Other Aerosol Properties
[36] Continuous monitoring of atmospheric CCN number concentrations across a wide range of SS is only done at a few measurement sites. Furthermore, the primary output of numerical models describing atmospheric aerosols typically provides other aerosol parameters than the CCN number concentration. For this reason we use our comprehensive 17 month data set comprising various aerosol properties to evaluate different methods of varying complexity to infer N CCN from other aerosol parameters. Predictions of N CCN were calculated for every single CCNC data point when both measurements of N CCN and number size distribution were available (94,499 data points at 10 different supersaturations in total).
[37] The simplest method is to assume an SS-dependent N CCN which is constant in time. This prediction method completely neglects the temporal variation of the chemical composition as well as of the particle number size distribution (both shape and integrated particle number concentration). The SS dependence of N CCN is described with a power law function,
[38] In order to account for the JFJ-specific strong seasonal cycle of N CCN , the power law function was fitted to the experimental data for each season separately. Resulting fit parameters a, b and c are listed in Table 3 for all four seasons.
[39] The second prediction method is to assume an SSdependent AF, which is constant in time,
[40] The SS dependence of AF was directly obtained from the measurements. The median value of all measured AF values was determined for each investigated SS. This was again done for each season separately, in order to account for the distinct seasonal cycle of AF. This method completely neglects the temporal variation of the chemical composition and of the shape of the number size distribution within one season, whereas the temporal variability of the integrated particle number concentration is accounted for by multiplying AF(SS) with N 16-570 . It must be emphasized that (See text for details.) The color of each pixel represents the number of data points (prediction versus measurement) falling into the area of the pixel (all pixels have equal area on a log-log scale). The gray solid line represents the one-to-one line, and the orange dashed lines correspond to y = 0.5x and y = 2x. Note that the seasonally constant N CCN (SS) was chosen such that the overall median prediction equals the overall median measurement.
great care has to be taken to use the same lower cutoff diameter for calculating the integrated particle number concentration as well as the AF values.
[41] The third and most sophisticated method of those presented here is to assume a constant time-and sizeindependent chemical composition, while the temporal variability of the measured particle number size distribution is fully considered. In other words, the mean chemical composition is considered, whereas the temporal variability and size dependence of the composition is ignored. The time and SS averaged value of 0.20 was chosen to represent the mean composition. This value is translated into a timeindependent D 0,crit for each SS, and corresponding N CCN (SS) are obtained by integrating the measured particle number size distributions from D 0,crit (SS) to its upper end (570 nm) for every single CCNC data point.
[42] The correlation between measured and predicted N CCN for the whole measurement period and including data from all SS is presented in Figures 9, 10 and 11 for the above three prediction methods. [43] Only 40 different values of predicted N CCN are obtained with the simplest prediction approach (10 different SS times 4 seasons), in which N CCN (SS) is to be constant in each season. This explains the horizontal structures of the raster graphic in Figure 9 . A considerable fraction of CCN predictions are more than a factor of 2 off the measurement and deviations up to a factor of 10 occur.
[44] The second prediction method performs much better (Figure 10) . Most of the predictions are now within a factor of 2 of the measurements. The N CCN predictions are asymmetrically distributed with the maximum data point density below the one-to-one line at any measured N CCN . This is a consequence of the asymmetry of the AF distributions (Figure 5 ).
[45] The third prediction method has a very good performance (Figure 11) , most of the data points from all SS fall very close to the one-to-one line across the whole range of measured N CCN . Somewhat increased measurement noise at lower N CCN can most probably be attributed to the limited counting statistics in the particle number size distribution and CCN number concentration measurements.
[46] A more quantitative assessment of the performance of the three different prediction methods is presented in Figure 12 , which shows the probability density function Figure 10 . Predicted and measured N CCN during the whole 17 month measurement campaign on a log-log scale with the second prediction method assuming seasonally constant AF(SS). (See text for details.) The color of each pixel represents the number of data points (prediction versus measurement) falling into the area of the pixel (all pixels have equal area on a log-log scale). The gray solid line represents the one-to-one line, the orange dashed lines correspond to y = 0.5x and y = 2x, and the black lines correspond to the 10th, 50th (median), and 90th percentiles of the distribution of predicted N CCN as a function of measured N CCN . Note that the seasonally constant AF(SS) was chosen such that the overall median prediction equals the overall median measurement.
(PDF) of the ratio between predicted and measured N CCN for all data points from all SS. Here it is important to emphasize that the chosen constant N CCN (SS), AF(SS) and required for the first, second and third prediction method, respectively, results in median predicted to measured N CCN ratios of almost unity. The 10th percentiles of the PDFs are 0.36, 0.71 and 0.74 and the 90th percentiles are 2.85, 2.27 and 1.29 for the first, second and third prediction methods, respectively. This means that, for example, for the most sophisticated prediction,80% of the predicted number concentrations fall within 0.74-1.29 times the measured values.
[47] We can conclude from Figures 9-12 that the first, simplest, prediction method should only be used if no better alternative is available. The large prediction errors have to be kept in mind and the propagated errors for any further calculations have to be considered. The second prediction method provides much better results and can be considered as a valid compromise if number size distribution data are not available and a factor of 2 prediction accuracy is sufficient. The third prediction method performs very well and clearly shows that highly time-resolved particle number size distribution data and knowledge about the average chemical composition is enough to reliably predict the instantaneous CCN number concentration at any SS with high accuracy. However, one has to be aware that neglecting the temporal variability of the chemical composition at sites that are much closer to the aerosol sources might cause significant prediction bias. Jurányi et al. [2010] showed in a chemical composition-CCN closure study at the JFJ that the performance of N CCN predictions cannot be significantly improved by considering the temporal variability of the chemical composition. This can be explained by the limited sensitivity to the chemical composition (see Jurányi et al. [2010] for a detailed sensitivity analysis) and the fact that a considerable part of the prediction uncertainty is associated with limited counting statistics in the particle number size distribution data measured at very low particle number concentrations as encountered at the JFJ. The correlation coefficients between predicted and measured N CCN are in the range r 2 = 0.90-0.94 for all supersaturations investigated in this study. Achieving this outstanding performance of the N CCN prediction has certainly been facilitated by the relatively slow variability of the remote aerosol at the JFJ. In contrast to that only very few previous CCN closure studies [Liu et al., 1996; Bougiatioti et al., 2009; Kammermann et al., 2010b; Wang et al., 2010] achieved high correlation coefficients r 2 > 0.8), even with using time-and sometimes size-resolved chemical composition or hygroscopicity information. Further existing composition-CCN closure studies are discussed by Jurányi et al. [2010] and Kammermann Figure 11 . Predicted and measured N CCN during the whole 17 month measurement campaign on a loglog scale with the third prediction method taking time resolved size distribution data into account. (See text for details.) The color of each pixel represents the number of data points (prediction versus measurement) falling into the area of the pixel (all pixels have equal area on a log-log scale). The gray solid line represents the one-to-one line, the orange dashed lines correspond to y = 0.5x and y = 2x, and the black lines correspond to the 10th, 50th (median), and 90th percentiles of the distribution of predicted N CCN as a function of measured N CCN . Note that the constant value was chosen such that the overall median prediction equals the overall median measurement. et al. [2010b] , the latter provides a detailed comparison of hygroscopicity-CCN closure studies.
Conclusions
[48] For the first time, long-term measurements of N CCN at 10 different supersaturations were shown and analyzed. The measurement site is representative of the free troposphere most of the time, with influence from injections of more polluted PBL air only during the warmer seasons and in the afternoon, as shown here by the diurnal patterns of N CCN and in previous studies. The CCN number concentrations observed at the JFJ are very low even at the highest SS (monthly median values between 113 cm −3 and 563 cm −3 ), such that cloud-droplet activation is likely to occur in the aerosol-limited regime most of the time, in which an increase of particle number concentration due to anthropogenic emissions can be expected to influence the cloud properties. The seasonal pattern of N CCN can be explained by the changes in the total aerosol number concentration and by the shift of the aerosol size distribution toward somewhat bigger sizes in summer. The hygroscopicity of the aerosols remains stable throughout the year which is reflected by the nearly constant monthly critical dry diameter values. Even though there is no seasonal variability in the critical dry diameter, it still exhibits a very slight diurnal variation indicating that the injections from the PBL bring less hygroscopic aerosol to the site (most probably less aged and with a higher fraction of organic compounds).
[49] Different methods with different simplifications were tested to predict N CCN throughout the whole measurement campaign. Assuming a seasonally constant N CCN (SS) results in a poor prediction, with a significant fraction of data points with more than a factor of 2 difference between prediction and measurement. Significantly better prediction performance is obtained if the variability of the total particle concentration is taken into account via using time-resolved total particle number concentration data multiplied by a seasonally constant AF(SS). Excellent accuracy of N CCN predictions was achieved with taking the time-dependent size distribution data and the average chemical composition into account via assuming constant D 0,crit (SS). With this method, N CCN could be reliably predicted for the whole measurement period and at any SS. Eighty percent of the predicted N CCN lie between 0.74 and 1.29 times the measured N CCN . It can be expected that this method with the mean D 0,crit (SS) values reported in this study also provides reliable N CCN predictions at other European free tropospheric sites, since aerosol hygroscopic properties measured at the JFJ are representative of the free troposphere at least on a regional if not on a continental scale [Kammermann et al., 2010a] and N CCN is relative insensitive to changes in the chemical composition [Jurányi et al., 2010] .
Appendix A
[50] Even when both CPC and SMPS measure perfectly accurately, the integrated number concentration, N 16-570 , is expected to be smaller than the total number concentration of particles, N 10 , measured by the CPC, because the diameter range covered by the SMPS (16-570 nm) is smaller than the same of the CPC (>10 nm). N and N 10 should be equal only if there are no aerosol particles with diameters below 16 nm or above 570 nm. In this case any disagreement between N 16-570 and N 10 is related to instrumental/ measurement errors and can be used to determine a correction factor. The number concentration of the particles above 570 nm at JFJ can be neglected, which was confirmed by the number concentration of particles measured by an optical particle counter (OPC, Grimm Dustmonitor 1.108).
[51] Contrary to this, a substantial number fraction of the aerosol population might be found below 16 nm. In this case, even if the SMPS measures perfectly, there might be a substantial difference between the N 10 and N 16-570 . The number ratio of N 16-30 (particles between 16 and 30 nm) to N 16-570 was used as a proxy for the presence of the small particles, assuming that if there are only very few particles between 16 and 30 nm, then there won't be many between 10 and 16 nm either. The periods without small particles were then used to determine the correction factor for the SMPS, following the approach detailed by Jurányi et al. [2010] . The correction factor ( Figure A1 ) was determined for every day, thereby always considering a time-centered Figure 12 . Probability density function (PDF) of the predicted to measured N CCN for the three different prediction methods: method 1, assuming seasonal, time-independent CCN number concentration; method 2, assuming seasonal, time-independent AF; and method 3, taking the full, timedependent size distribution into account (see text for more details). Blue lines show some percentiles of the distributions (10th, 25th, 50th = median, 75th, and 90th). Note that the constant N CCN (SS), AF(SS) and required for the first, second, and third prediction methods, respectively, were chosen such that the median predicted to measured N CCN ratio becomes unity.
window of 21 days. The size-independent SMPS correction was then done by dividing the measured number size distributions with the resulting time-dependent correction factor.
[52] The reason for the disagreement between the SMPS and the CPC has been identified to be small leaks at the connectors of the membrane pump in the sheath/excess air loop. Consequences for a system operated with a closedloop sheath/excess air flow setup and a 10:1 flow ratio are as follows: A small decrease of the sheath air flow rate by 3% due to leakage results in a 30% decrease of the polydisperse sample flow rate, if the excess air flow rate and the monodisperse sample flow pulled by the CPC remain stable. The effects of such a small flow rate alteration are as much as a ∼17% percent increase of the transfer function area ("detection efficiency") independent of particle diameter, while the sizing bias remains smaller than 1.1% across the whole diameter range, which is within typical sizing accuracy. Effects of a similar alteration of the excess flow rate are equivalent. For this reason it is justified to apply a sizeindependent constant correction factor to the number size distribution data.
